REPORT DOCUMENTATION PAGE oMB NG oo 0788

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the
data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information, including suggestions for reducing
this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis Highway, Suite 1204, Arlington, VA 22202-
4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a collection of information if it does not display a
currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
04-15-1998 Journal Article 1 Oct 96 — 30 Sept 00
4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Magnetically tuned wide-band quantum well infrared
photodetectors 5b. GRANT NUMBER
5c. PROGRAM ELEMENT NUMBER
61102F
6. AUTHOR(S) ‘ 5d. PROJECT NUMBER
Danhong Huang, S. K. Lyo 2305
5e. TASK NUMBER
TJ
5f. WORK UNIT NUMBER
02
7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION REPORT
Air Force Research Laboratory NUMBER
3550 Aberdeen Ave. SE
Kirtland AFB, NM 87117-5776
9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR’S ACRONYM(S)

11. SPONSOR/MONITOR’S REPORT
NUMBER(S)

12. DISTRIBUTION / AVAILABILITY STATEMENT
Approved for Public Release; Distribution is Unlimited.

13. SUPPLEMENTARY NOTES

14. ABSTRACT

The electron eigenstates of double quantum well system in an in-plane magnetic field are calculated
accurately using the density-functional theory, which includes the Coulomb interaction between
electrons. The absorption coefficient as a function of the probe photon energy is further calculated
using the self-consistent-field theory, which takes into account many-body effects on the optical
intersubband transitions. The dependence of the absorption spectra on the magnetic field,
temperature, electron density, well and middle-barrier widths, quantum-well symmetry, and electric
field has been studied extensively. It provides an unconventional approach for designing a tunable
wide-band quantum well infrared photodetectors by applying an in-plane magnetic field.

20021212 109 -

Magnetic field, density-functional; intersubband; photodetectors

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE PERSON
OF ABSTRACT OF PAGES David Cardimona
a. REPORT b. ABSTRACT c. THIS PAGE 19b. TELEPHONE NUMBER (include area
Unclassified | Unclassified | Unclassified Unlimited 10 code)
(505) 846-5807

i Standard Form 298 (Rev. 8-98)

Pracarihad hu ANQE Qtd 224G 1R




JOURNAL OF APPLIED PHYSICS

VOLUME 83, NUMBER 8

15 APRIL 1998

Magnetically tuned wide-band quantum well infrared photodetectors

Danhong Huang®

Phillips Laboratory (PL/VTMR), 3550 Aberdeen Avenue Southeast, Building 426, Kirtland Air Force Base,

New Mexico 87117
S. K. Lyo

Sandia National Laboratories, Albuquerque, New Mexico 87185

(Received 15 September 1997; accepted for publication 8 January 1998)

The electron eigenstates of double quantum well system in an in-plane magnetic field are calculated
accurately using the density-functional theory which includes the Coulomb interaction between
electrons. The absorption coefficient as a function of the probe photon energy is further calculated
using the self-consistent-field theory which takes into account many-body effects on the optical
intersubband transitions. The dependence of the absorption spectra on the magnetic field,
temperature, electron density, well and middle-barrier widths, quantum-well symmetry, and electric
field has been studied extensively. It provides an unconventional approach for designing a tunable
wide-band quantum well infrared photodetector by applying an in-plane magnetic field.

[S0021-8979(98)04108-5]

I. INTRODUCTION

Quantum well infrared photodetectors based on HI-V
semiconductors have been studied in recent years as alterna-
tive structures to replace II-VI semiconductor materials in
the infrared focal-plane arrays FPAs technology. According
to the Planck’s black-body radiation law, each object with
fixed temperature will radiate with a characteristic wave-
length at which the radiation will reach its maximum. The
higher the temperature is, the longer the wavelength will be.
In other words, a certain temperature distribution of the im-
aged object gives rise to a wide-band emission spectrum. In
this sense, the wide-band or multicolor infrared photodetec-
tors are needed for the best thermal imaging recognition. In
fact, one can extract many useful details from images ob-
tained using FPAs with wide-band or multicolor spectra.

There have been many efforts devoted to the fabrication
of multicolor infrared photodetectors. The simplest method
is to construct an image with multi-FPAs each covering a
different spectral band. Another method is to grow multis-
tacks of different quantum well photodetector structures
separated by thick doped layers for different electrical
contacts.'™* However, the existence of too many electrodes
greatly complicates the device processing and the read-out
electronics. Two-terminal devices have also been tested,™
where the detected wavelength can be switched by applying
different bias voltages. Due to the in-series electrical connec-
tions in this structure, a spectral crosstalk occurs when dif-
ferent stacks are illuminated simultaneously in different
wavelengths. The quantum confined Stark shift has been
used to tune the detection wavelength by varying the bias
voltage.””"® Unfortunately, the operation of these structures
usually requires a relatively high bias voltage causing a large
dark current and noise. The stack of a quantum well photo-
detector and a photodiode'! can operate in a long wavelength
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photodetector absorption mode or in a short wavelength pho-
todiode absorption mode by applying a forward or a reverse
bias voltages. However, this structure depends on the bias
voltage and requires three electrical contact layers. It again
complicates the device processing and introduces image dis-
tortions in the continuous operation mode. The multi-
subband quantum well photodetector'?~'> has more than one
occupied subband, and the multi-intersubband transitions
take place between the occupied subbands or between occu-
pied subband and a top empty subband. However, it is very
difficult to design for the detection of more than three colors
in this kind of structure.

The energy of the interband transition between a conduc-
tion and a valence subband in quantum wells increases with
the electron wavevector. It gives rise to a wide-band
absorption'® after summing over all the available electron
states. This is because the dispersion of the electron subband
is upward, while that of the valence subband is downward. In
contrast, the intersubband transitions are sharp because all
the electron subbands in the conduction band have the same
parabolic dispersion relation determined by the electron ef-
fective mass. The known nonparabolic effects include the &
dependence of the electron effective mass'> due to the non-
parabolicity in the well or barrier bulk materials, the
subband-index dependent electron effective mass'® due to
different electron effective masses in the well and barrier
material, and the nonparabolic electron energy dispersion
due to the exchange interaction'*!> between electrons. How-
ever, all these effects are far too small to produce a wide-
band transition.

In this article, we study the optical transition between the
states in the two lowest conduction subbands of the double
quantum wells. It is now well known that the electron sub-
band dispersion in the double quantum wells can be greatly
modified by applying a parallel magnetic field to the
system.'”!® The main effect of the in-plane (i.e., parallel)
magnetic field is to displace the energy-dispersion parabolas
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FIG. 1. Sketch of the double quantum well model in which well material is
GaAs and barrier material is A, Ga,_,As, left well width is Ly, , middle
barrier thickness is Ly, and right well width is Ly, . The doping is uniform
and only in the well region with concentration Ny, and the parallel mag-
netic field B is in the x direction parallel to the plane quantum wells.

of the double quantum wells sketched in Fig. 1 in the trans-
verse direction in k space by an amount proportional to the
parallel magnetic field. The displaced parabolas anticross
due to the electron tunneling between the two quantum
wells, opening a partial energy gap, as shown in Fig. 2. As
the parallel magnetic field is increased, the gap passes
through the chemical potential. When the double quantum
wells are doped with electrons, the shape of the Fermi-
energy surface in k space strongly depends on the magnitude
of the parallel magnetic field. There exists a logarithmic sin-
gularity in the density-of-states at the saddle point of the
lower gap edge when the parallel magnetic field is strong
enough. Since the elastic scattering of electrons occurs only
on the Fermi-energy surface, which conserves the electron
energy, a strong modification of the electron elastic scatter-
ing is expected'® by varying the strength of the parallel mag-
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FIG. 2. The energy levels E;(k,) with j=1, 2, 3, 4 a: a function of the
electron wave vector k, at B=9.0 T. The dashed line represents u which is
the chemical potential of the system. The inset shows the transition energies
Ejij(k,) with j'=2, 3, 4 and j=1 as a function of k,at B=9.0T. In our
numerical calculation, we have chosen: x=0.30, E,=0, T=4.0K,
N3p=2.0X10""cm™, Ly, =Ly, =150 A, and L,=20A.
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netic field. Therefore, the electron dc-transport at low tem-
peratures can be controlled by the parallel magnetic field
because the transport itself is mainly determined by the elec-
tron density-of-states and electron velocities at the Fermi
energy.!718

For the optical transition, all the occupied electron states
contribute to this process. The bandwidth of the infrared
photodetection is directly determined by the dispersion of the
transition energy between two electron subbands. From pre-
vious works as well as our calculations we know that sharp
intersubband transitions in the double quantum wells at zero
magnetic field change into wide-band transitions when a par-
allel magnetic field is applied to the system. Therefore, an
unconventional approach is proposed in this article for de-
signing the wide-band quantum well infrared photodetectors
by applying a parallel magnetic field, in which both the
bandwidth and the strength of the windowlike infrared ab-
sorption spectra can be controlled by the parallel magnetic
field. There are some reports on the Coulomb interaction
effect on the magneto transport of electrons in coupled
double quantum wells' and wide single quantum wells?
when a parallel magnetic field is applied. Qur current work
has generalized the previous approximate calculation of the
electron eigenstates'”'® which used the nearest-neighbor
tight-binding model into an accurate calculation of electron
eigenstates for double quantum wells in a parallel magnetic
field using the density-functional theory with the inclusion of
the Coulomb interaction between electrons, z dependence of
electron effective mass and dielectric constant, nonparabolic
effect, and a static electric field. The calculated absorption
coefficient based on results from the density-functional
theory has taken into account the many-body effects which
was neglected in the previous single-particle response
theory.®!

This article is organized as follows. In Sec. II, the elec-
tron eigenstates in double quantum wells under a parallel
magnetic field will be calculated accurately by using the
density-functional theory including the Coulomb interaction
between electrons, z dependence of electron effective mass
and dielectric constant, nonparabolic effect, and a static elec-
tric field. In Sec. III, we will use the self-consistent-field
theory to calculate the absorption coefficient as a function of
the probe photon energy including the many-body effects.
The numerical results of the optical intersubband absorption
spectra will be presented in Sec. IV with various magnetic
fields, temperatures, electron densities, well widths, middle-
barrier widths, quantum-well symmetries, and electric fields.
Finally, the conclusion is presented in Sec. V.

Il. SELF-CONSISTENT ELECTRON EIGENSTATES

The modcl we consider here consists of doubie quantum
wells (DQWs), as shown schematically in Fig. 1, with indi-
vidual well widths Ly, and Ly, . The two quantum wells are
separated by a middle barrier layer with thickness Lg. The
well material is assumed to be GaAs and the barrier material
is Al,Ga,_,As. The electrons are uniformly doped within
each quantum well with individual electron density n;D and
n3p. A magnetic field B is applied to the system in the di-
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rection parallel to the plane of the quantum wells. The Schro-
dinger equation which determines the wavefunction ¢ jky(z)
and energy level E;(k,) in the density-functional theory is
Brd[ 1 d
@) 2 + Vpow(z) +eEqz

2
+ Vy(2)+ Vxc[n(z)]

72 ( z
+ 2m*(z) ky= 2
X¢jky(z)=Ej(ky)¢jky(Z)- (D

In Eq. (1), z is in the quantum-well growth direction, j=1, 2,
3,... is the subband index, k, is the electron wave vector in
the y direction, m*(z) is my and my for well and barrier
materials, Vpow(z) is the double-quantum-well potential
profile, E 4 is the static electric field applied in the z direc-
tion, B is the magnetic field applied in the x direction with
the Landau gauge for its vector potential A=(0,—Bz,0),
and [=Vh/eB is the magnetic length. Under the Landau
gauge, the in-plane part of the electron wave function is kept
as a plane wave. The Coulomb interaction between electrons
is represented by the sum of the Hartree and exchange-
correlation potentials V(z)+ Vxc[n(z)]. The electron en-
ergy is given by
ﬁ2 2

- @

Ej(ky.ky)=Ej(k,)+ 2m¥(ky ky)"

where &, is the electron wave vector in the x direction, and
the nonparabolic effect has been included. Considering that
the effective mass of electrons in the well and barrier mate-
rials is different, we obtain an ‘‘average’’ effective mass of
electrons in the jth subband of DQWSs by using the first-
order perturbation theory'*

1 Pi(k,)  1—Pjk,)

- + , 3
m¥(ky.ky) mjw(kx,k_\,) mf(k,\.,k) ®)

where P;(k,) is the dwelling probability of electrons in the
well region

Pj(ky) - fWell Region[(bjky(z)]ZdZ' (4)

In Eq. (3) mjw(kx,ky) and mf(kx .k,) are the electron effec-
tive masses in the well and barrier bulk materials, which
include the nonparabolic effect and are given by22

m, ) Eﬁ
—_— = + —_
ij(kX,ky) 3

2
ER+E (k) + 12k 2m

1
+ :
ES+AS+E (k) +12%k22m

(5)

where m, is the free electron mass, m g with B=W, B are the
I'-point electron effective mass at (ky.ky,k,)=0 for well
and barrier bulk materials, Eg is the interband Kane matrix
element, E£ is the energy gap, and Ag is the spin-orbit split-
ting.

The Hartree potential, V4(z), in Eq. (1) is decided from
Poisson’s equation
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=4me?[Np(z)—n(z)], (©)

d d
oz [es(z) 7z Vi(z)

where €,(z)=4meye,(z) depending on z, €,(z) is the di-
electric constant which takes ey, for the well and ep for the
barrier materials. The doping profile Np(z) is N3p inside
the well and zero outside the well, where Njp is the
doping concentration. The exchange-correlation potential,
Vxcl[n(z)], in Eq. (1) in the local-density approximation is
written as

v B e? N 0.7734r (z)
xeln(z)]= 8mepey(z)ag (z) 21
XIn{ 1+ 21 2 7
17 R@) [ war@) @
where we have introduced the following notations:
4 173
(o) ®
4mege,(z)h?
* =
a5 (2) m*(z)e? ©)

is the effective Bohr radius for electrons in DQWs, and

4 -1/3
r.\-(z)={§ 7r[fl(’>"(z)]3't(z)J (10)

is the dimensionless electron density parameter. The electron
density function, n(z), is calculated as

2
n@)=5 2 2 (@B kok)], (D

where A is the cross-sectional area of the sample, and
folEj(k,,ky)] is the Fermi-Dirac distribution function for
the electrons in the equilibrium state

(E,-(kx,m—ﬂ)ﬂ}*‘

T (12)

fO[Ej(kx ’ky)] = [exp
Here, T is the electron temperature, w is the chemical poten-
tial which is decided selfconsistently by the total electron
density, n,p, through the charge neutrality condition:

+ 00

2
112D=E 11£D=f n(z)dz
= -

—o0

+o 2
=f ND(Z)dzzz 2 k}‘l/( fO[Ej(kx’ky)]'
(13)

The electron eigenstates must be self-consistently calculated
by solving Egs. (1)—(13), simultaneously. In this work, we
employ the finite-difference method in the numerical calcu-
lation, which is combined with the proper boundary condi-
tions. By using this approach, the Schrodinger equation in
Eq. (1) has been divided into a tridiagonal matrix eigenvalue
and eigenvector problem, while Poisson’s equation in Eq. (6)
has become an inhomogeneous linear matrix equation with a
tridiagonal coefficient matrix. Compared with the previous
nearest-neighbor tight-binding model'”'® which can be ap-
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plied only to the zero electric field, weak magnetic field,
thick middle-barrier layer and single band situations, the cur-
rent density-functional theory does not suffer from these
limitations and provides the accurate electron eigenstates of
the system, even including the Coulomb interaction between
electrons, z dependence of electron effective mass and di-
electric constant, nonparabolic effect, and a static electric
field.

lll. MANY-BODY EFFECTS ON OPTICAL ABSORPTION

When an external z-polarized probe field is applied to
the system, it causes a perturbation to the electron density
function and produces a density fluctuation as an optical re-
sponse. In the long wavelength limit, we need consider only
the vertical intersubband transition. If the probe field is in-
teracting weakly with the electrons in DQWs, the intersub-
band absorption coefficient can be calculated from the Fermi
golden rule. A straightforward calculation yields'*

Busl )= % [op(w)+ 11Im ay(w), (14)

where w is the frequency of the probe field, €,=(ey
+EB)/2,

fiw -1
Ppn( @)= {exr)(k T) 1] (15)

is the photon distribution factor, and

2

e T
a(w)=— m jzj, f_w dkyF ik )F 0 (ky)

+D7(ky,0) x5 (ky ), (16)

is the Lorentz ratio, where Lg= Ly, + Ly,+ Ly . The refrac-
tive index function in Eq. (14) is also obtained from the
Lorentz ratio by

n(w)= \/_{1+Re a;(w)

+V[1+Re a,(0)]*+[Im a, ()]} (17)
The bare dipole moment, F;;:(k,), in Eq. (16) is found to be

Pl =Fpk)= [ ap (@2 @z 08)

and the polarizability, x;;/(k,, ), is
ij'(ky ,(1))

2 [+
=),

JolEji(ky k) 1= fol Ejky ky)]
fio—Ej(k,.k,)+Eji(k; ky)+iy]

where v is the homogeneous broadening factor for the inter-
subband transition, which is set to be 1.0 meV for our nu-
merical calculation. The many-body effects on the optical
absorption is represented by the frequency-dependent collec-

fO[Ej(k,r ’ky)]'—fO[Ej'(kx ’ky)]
|\ hw—E, (ky k) FEky k) + iy

(19)
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tive dipole-moment, DC,(ky ,w). For n<n’, it is given by
the following matrix equation by using the self-consistent-
field theroryz“ 25

P E
I<.I

_ij’(ky vw)Unn’ jj’(k;» »k )]

2 . dkyx,, (ky @) Uppr jjr (ks Ky Y F 0 (K, ),
T j<i’ (20)

where the Coulomb interaction matrix, U, ;; (k) Ky, i
given by

de

YDk ) 8, ;8,0 10 8k, — k)

+o + o0
Unne jjr (ky ky) = j—ao dz f—m dz'¢nk;(2)¢n'k;(z)

X(_Zeoeb 2= )¢j'ky(z')¢,'g\,(z')

+ f_ wdz‘ﬁnk;(z)‘ﬁn’k;(z)
(6VXC[n(z)]
on(z)

The coefficient matrix in Eq. (20) is called the dielectric-
function matrix. The Coulomb interaction matrix in Eq. (21)
contains both the repulsive Hartree interaction and attractive
exchange -correlation interaction. When Vy(z), Vxdn(z)],
and D +(ky,w) are all set to zero, we get the simplified
results in the single-particle response theory. The previous
single-particle response theory,'® which neglects the collec-
tive dipole moment DjCj,(ky ,w) and the k, dependence in the
bare dipole-moment Fjji(ky), will miss the fine features in
the line shape and predicts a down-shifted peak position in
the optical absorption spectrum. However, the current theory
avoids all these drawbacks.

)¢j'ky(2)¢jky(z)~ (21)

IV. NUMERICAL RESULTS AND DISCUSSIONS

The numerical results of B,,(w) as a function of the
photon energy fiw in Eq. (14) will be presented in this sec-
tion for various magnetic fields, temperatures, electron den-
sities, well and middle barrier widths, quantum-well symme-
tries, and electric fields to study the role played by these
parameters in the infrared photodetection characteristics of
the double quantum well system shown schematically in
Fig. 1.

A. Effects of magnetic and electric fields

Figure 2 shows the energy levels E(k,) as a function of
the wuve vector k;, at B=9.0 T. The unusual energy disper-
sion seen here can be understood as the result of the coupling
of the parabolas in the two quantum wells. In the absence of
electron tunneling, there are two parabolas for ground and
first excited states in each quantum well. The ground and
first excited state parabolas in different quantum wells have
minima at k,=0 when B=0. Besides, Eq(k,) and Es(k,)
states are the even-parity states at B=0, while Ey(ky) and
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FIG. 3. The enlarged low-energy part of the absorption coefficients B, @)
as a function of the photon energy fiw for magnetic fields 8= 1.0, 3.0, 5.0,
7.0, and 9.0 T. The figure is displayed by a vertical shift 0.5X 10> cm™".
The complete displayed absorption spectra are presented in the inset by a
vertical shift 1.0X 10* cm™". In our numerical calculation, we have chosen:
x=0.30, E,,=0, T=4.0K, N3p=2.0X10"cm™, Ly, =Ly,=1504, L,
=204, and y=1.0 meV.

E(k,) states are the odd-parity states. However, when the
parallel magnetic field is applied both the ground and first
excited state parabolas in different quantum wells shift their
minimas to the opposite values of &, away from k,=0, caus-
ing the anticrossing among the four parabolas.'® This intro-
duces a very large dispersion of the transition energies
E;ii(k,), as shown in the inset. From Fig. 2 we also see there
is an unpopulated ‘‘island”’ above the chemical potential
“‘sea’” (indicated by the dashed line) in the range of |k,
<0.1 (in the unit of 1.373%X 1072 A™1) for this electron den-
sity at B=9.0 T. The electrons can only populate the sea
states between 0.1k <1.5 or — L.5<k,<—0.1. With this
population range for &, it is easy to see from the inset that
the gap between the transition energies Ey(ky) and E3 (k)
and the gap between the transition energies E3(k,) and
E4 (ky) are all closed.

Figure 3 presents the absorption spectra which are dis-
played for various magnetic fields B. In the inset, we find
four absorption peaks when B=1.0T, which, from left to
right, are found to be the transitions from E\(k,) to Ey(k,),
Ey(ky) to Es(ky), Ei(ky) to Es(k,), and E (k) to E4(k,),
respectively. The transition from E,(ky) to E;(k,) is gradu-
ally suppressed by B, while the transition from E\(k)) to
Es(k,), forbidden at B=0, is enhanced by B at the same
time. From the inset we also find that the peak strength of the
transition from E (k) to E4(k,) is decreased with B, and
the gap between this transition and the transition from
E\(ky) to E3(ky) is reduced and finally closed at B=9.0 T.
In the main part of Fig. 3, we enlarge the low-energy part of
the absorption spectra to highlight the transition from E(k))
to Ez(ky), in which we find this transition with a windowlike
profile is broadened with increasing B and its absorption
strength is decreased simultaneously. Meanwhile, the gap be-
tween this transition and the transition from E\(ky) to
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FIG. 4. The square dipole-moments [F,z(ky)]2 (solid curve), [F,,(lcy)]z
(dashed curve), and [F‘N(ky)]2 (dashed-dotted curve) as a function of ky at
B=9.0T. The inset displays the enlarged low-energy part of the absorption
spectrum reproduced from Fig. 3 for B=9.0 T. The parameters in the cal-
culation are the same as those in Fig. 3.

E3(k,) is decreased with B and completely closed at B
=9.0T. At B=9T, both the transitions from E(k,) to
E,(ky) and E (k,) to E4(k,) for |k,|<1.6 are interwell tran-
sition with transition energies Ey(k,) and E4(k,) with a
large dispersion as seen in the inset of Fig. 2. On the other
hand, the transition from E,(k,) to E3(k,) is intrawell tran-
sition with a sharp transition energy E3,(k,) in the range of
]ky|< 1.6. The dispersive interwell transition energy E,(k,)
is responsible for the wide-band absorption shown in the
main part of Fig. 3. However, the optical absorption is still
dominated by the nondispersive intrawell transition from
E\(ky) to Es(k,), which is forbidden at B=0 due to the
same parity of the initial and final states in the transition. The
findings in Fig. 3 provide us with an unconventional ap-
proach for designing a wide-band quantum well infrared
photodetector by applying a parallel magnetic field. It has the
advantage of very wide bandwidth and windowlike profile
for the infrared photodetection over previous conventional
approaches.' ™"

Figure 4 displays the square dipole moments [Fjjz(ky)]2
of the transitions from the ground state to the first, second,
and third excited states as a function of the wave vector £, at
B=9.0T. A strong k, dependence can be seen. At k,=0, the
potential of the DQWSs system is symmetric even under a
parallel magnetic field. Therefore, the transition from E\(k,)
to E3(k,) is forbidden, while the transitions from E\(ky) to
Ey(ky) and E (k) to E4(k,) are both allowed at k,=0. The
saturation of the square dipole moments [ F 1z(ky)]2 at large
|ky|>1.8 arises from the fact that the transition E,(k,) to
Ey(ky) switches from the interwell to intrawell transition.
This saturation is accompanied by the suppression of the
square dipole moments [F13(ky)]2 and [F4(k,)]* which
correspond to the interwell transitions when ikyr>l.8. The
inset shows the low-energy part of the absorption spectrum
at B=9.0 T (reproduced from Fig. 3 for B=9.0 T) in which
we find there is a dip around Aw=20 meV. From the inset of
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FIG. 5. The comparison of the enlarged low-energy part of the absorption
spectra at B=9.0T for E, =0 (solid curve) and E,.=7kV/cm (dashed
curve). The energy levels Ey(ky) with j=1,2, 3, 4 as a function of the k, at
B=9.0T for E4.=7 kV/cm is shown in the inset, where w (dashed line) is
the chemical potential of the system. The other parameters in the calculation
are the same as those in Fig. 3.

Fig. 2 we know that transition energy E;(k,) =20 meV cor-
responds to the intersubband transition at &,=0.8, where
[F,z(k_,,)]2 has a minima in Fig. 4. This is the reason for the
occurring of the dip in the inset.

Figure 5 presents the comparison of the absorption spec-
tra for the cases with E4.=0 and E,=7kV/cm at B
=9.0T. As an electric field is applied, the low-energy edge
of the transition from E,(k,) to E,(k,) is pushed down in
Fig. 5. This can be explained by the fact that the whole
energy level dispersion is tilted by the electric field, as
shown in the inset, which makes the unpopulated ‘‘island’’
disappear.

B. Comparison between single-particle and full
theories

In order to estimate the effect of Coulomb interaction
between electrons on the absorption spectrum, we present in
Fig. 6 the comparison of the results from our full theory and
single-particle response theory in which DJ.Cj,(ky ,w), Vy(2),
and Vy[n(z)] are all set to zero. From the inset we find the
Coulomb interaction shifts up the absorption peak for the
transition from E,(k,) to E;3(k,) by about 4 meV in this
case. It also shifts up the low-energy edge of the transition
from E,(k,) to E;(k,) as seen in the main part of the figure.
Meanwhile, the absorption strength is brought down by the
Coulomb interaction for the wide-band transition from
Ey(ky) 10 E,(k,). When the many-body effect, DJ.Cj,(ky , W),
is included, the absorption will reach its maximum at the
plasmon energy,?* instead of the single-particle energy level
separation Ej j(k,) due to the electron screening. The differ-
ence between the plasmen energy and Ej/;(k,) is positive
and called the depolarization shift. This justifies the impor-
tance of our using the full theory instead of the single-
particle response theory in designing a tunable wide-band
quantum well infrared photodetector.

D. Huang and S. K. Lyo

2 T - T T M T
"'E ——Full Theory 1‘
5 || Single-Particle Theory I
o ‘
8 15 % /A
s
= < ]
20 s {
(3] ke /
2 1L € .
5 g "‘
Q
3 §
[
c 2
i 2
1‘5- 05}
[o]
o0
Q
<
. -
0 10 20 30 40

Photon Energy (meV)

FIG. 6. The comparison of the enlarged low-energy part of the absorption
spectra at B=9.0 T between the full theory in this article (solid curve) and
the simplified single-particle response theory (dashed curve). The compari-
son of the complete displayed absorption spectra are presented in the inset
by a vertical shift 1.0X10* cm™'. The other parameters in the calculation
arc the same as those in Fig. 3.

C. Effects of temperature and electron density

Figure 7 displays the absorption spectra for different
temperatures, T=4 and 77 K at B=9.0T. As T is raised
from 4 to 77 K, the unpopulated island in the main part of
Fig. 2 will be thermally populated. This shifts down the low-
energy edge of the transition from £ (k,) to E,(k,) by about
4 meV as seen in the figure. There is no shifting of the
absorption peak for the transition from E\(ky) 0 E;(k,) as
seen in the inset, except that the peak is slightly broadened as
a result of partially populating the electron states with |ky|
>15atT=77K.
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FIG. 7. The comparison of the enlarged low-energy part of the absorption
spectra at B=9.0 T for T=4 K (solid curve) and T=77 K (dashed curve).
The comparison of the complete displayed absorption spectra are presented
in the inset by a vertical shift 1.0X 10* cm™!. The other parameters in the
calculation are the same as thosc in Fig. 3.
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FIG. 8. The comparison of the absorption spectra with an amplified scale at
B=9.0T for Nyp=2.0X10""cm™ (solid curve) and 1.0X10' cm™>
(dashed curve). The comparison of the complete displayed absorption spec-
tra are presented in the inset by a vertical shift 1.0X10* cm™'. The other
parameters in the calculation are the same as those in Fig. 3.

Figure 8 presents the absorption spectra for different to-
tal electron densities, 71,5=6X10"" cm™2 and 3 X 10" cm™2
at B=9.0T. As n,p is decreased, the previous population
range between 0.1k, <1.5 or — [.5<k,<—0.1 in the main
part of Fig. 2 will be reduced. This causes the revivals of the
gap between the transition energies £5(k,) and E3(k,) and
the gap between the transition energies E3(ky) and Eq(k,).
This is clearly seen as two dips (dashed curve) occurring
around Aw=40 meV and 60 meV in the figure. Further, the
many-body effects on the optical absorption will be reduced
with the decrease of n,p, causing the down shifting of the
absorption peak. This reduction of the many-body effects is
more easily seen in the transition from E(k,) to E;5(ky)
since it gains the largest peak strength.

D. Modifications by well and middle-barrier widths

Figure 9 shows the absorption spectra for different well
widths, Lyy;=Ly,=Ly=150 A and 100 A with Lz=20 A
at B=9.0T. As Ly decreases from 150 to 100 A, the two-
dimensional electron densities n;, and n%; in both quantum
wells are reduced by np=n3=N;pLy . Meanwhile, the en-
ergy levels E,(k,) and E3(k,) become less dispersive in the
central region around k,=0. This is because the “‘effective’
B scales approximately as B.zx1/d according to Eq. (1).
Here, d=Ly+ Ly is the center-to-center distance between
the wells. B=9.0 T for Ly=150 A is then equivalent to B
=6.35T for Liy=100 A. As a result, the unpopulated island
in the main part of Fig. 2 disappears. This shifts down the
low-energy edge of the transition from E (k) to Ey(k,).
Further, the minima of the transition energy Eq(ky) is
greatly pushed up due to the increased energy level separa-
tion (o 1/L%V) for small Ly . It opens a very large gap be-
tween this transition energy and the transition energy
E3i(k,) as seen in the inset, as well as an upward shifting of
the peak position for the transition from E\(k,) to E3(ky).
The decrease of Ly, causes the revival of the gap between the
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FIG. 9. The comparison of the enlarged low-energy part of the absorption
spectra at B=9.0T for Ly, =Ly,=Ly=150A (solid curve) and Ly,
=Ly, =Ly=100 A (dashed curve). The comparison of the complete dis-
played absorption spectra are presented in the inset by a vertical shift 1.0
% 10* cm™". The other parameters in the calculation are the same as those in
Fig. 3.

transition energies E3j(k,) and E4 (k). It pushes up the
peak positions for the transition from E;(k,) to E4(k,) and
separates these two absorption peaks in the inset.

Figure 10 displays the absorption spectra for different
middle-barrier widths, L;=20 A and 15 A at B=9.0T. As
Ly decreases from 20 to 15 A, the tunneling between the two
quantum wells becomes stronger, and the energy level anti-
crossing is enlarged. As a result of the repulsion between the
energy levels due to their enhanced anticrossing or the in-
crease of the effective parallel magnetic field B, for small
Lg, the unpopulated island in the main part of Fig. 2 disap-
pears. This shifts down the low-energy edge of the transition
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FIG. 10. The comparison of the enlarged low-energy part of the absorption
spectra at B=9.0T for L,=20A (solid curve) and Ly=15A (dashed
curve). The comparisen of the complete displayed absorption spectra are
presented in the inset by a vertical shift 1.0X 10* cm™!. The other param-
eters in the calculation are the same as those in Fig. 3.
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FIG. 11. The energy levels Ej;(ky) with j=1, 2, 3, 4 as a function of the k,
at B=9.0T for the asymmetric double quantum wells with with Ly,
=150A and Ly,=100A. The dashed line represents u which is the
chemical potential of the system. The inset shows the transition energies
Ejij(ky) with j'=2, 3,4, and j=1 as a function of ky at B=9.0T for the
asymmetric double quantum wells. The other parameters in the calculation
are the same as those in Fig. 3.

from E (k) to E3(ky). Meanwhile, it causes the revivals of
the gap between the transition energies E, (ky) and Ey(k,)
and the gap between the transition energies E3(k,) and
E4 (k) as seen in the inset. Further, the direct result of the
level repulsion shifts down the peak for the transition from
E\(k,) to E4(ky) and shifts up the peak for the transition
from E,(k,) to E4(k,), simultaneously.

E. Difference between symmetric and asymmetric
DQWs

Figure 11 shows the energy levels Ej(k,) as a function
of k, at B=9.0T for the asymmetric DQWs with Ly,
=1504A, Ly,=100A, and Lz=20A. Compared with Fig.
2, a huge asymmetry is introduced to the dispersion between
the positive and negative k, regions in Fig. 11. As Ly, is
decreased from 150 to 100 A, the electron density in one of
the quantum wells is reduced, which makes the previous un-
populated island in the symmetric DQWs go under the
chemical potential sea and become populated. This explains
the shifting down of the low-energy edge of the transition
from E,(k,) to E5(k,) in the main part of Fig. 12. The inset
shows the transition energies Ej j(ky) as a function of k,, in
which we find the minima of the transition energy Eq(k,) is
pushed up by narrowing one of the quantum wells. This is
the reason for the large separation between the two absorp-
tion peaks from the transitions Ey(k,) to E5(k,) and E\(ky)
to E4(ky) in the iaset of Fig. 12. Further, from the asymmet-
ric population of electron states in the range of — 1.8=<k,
=<1.2 as shown in the main part of Fig. 11, it is easy to
understand from the inset of the figure that the revival of the
gap between the transition energies E3(ky) and E4(ky).

Figure 12 presents the comparison of the absorption
spectra for symmetric DQWs with Ly, =Ly,=150 A and
asymmetric DQWs with Ly;=150A, Ly,=100A at B
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FIG. 12. The comparison of the absorption spectra with an amplified scale
at B=9.0T for the symmetric double quantum wells with Ly, =Ly,
=150 A (solid curve) and asymmetric double quantum wells with Ly,
=150 A and Ly,=100 A (dashed curve). The comparison of the complete
displayed absorption spectra are presented in the inset by a vertical shift
1.0X 10* cm™. The other parameters in the calculation are the same as
those in Fig. 3.

=9.0 T. Here, Lz=20 A for both the symmetric and asym-
metric DQWs. As we go from symmetric to asymmetric
DQWs, the low-energy edge of the transition from E 1(k,) to
Ey(k,) is shifted down in the figure, as explained in the
discussion of Fig. 11. Also, the gap between the transition
energies E3(k,) and E4(k,) is opened, which is shown as
the dip (dashed curve) at £w=80 meV in the absorption
spectrum for the asymmetric DQWs. This has been ex-
plained in the discussion of Fig. 11. From the inset, we find
the absorption peak of the transition from E(k)) to Ey(k,)
is pushed up and becomes well separated from the peak of
the transition from E,(k,) to E3(k,), as explained in the
discussion of Fig. 11. The flatlike dispersion in the transition
energy E4y(ky) around k,=—1.8, as shown in the inset of
Fig. 11, gives rise to a large density-of-states which causes
the “‘hump’’ around fiw=120 meV (dashed curve) in the
main part of Fig. 12.

Figure 13 displays the square dipole moments
[Fjj,(ky)]2 with j=1 and j' =2, 3, 4 for asymmetric DQWs
at B=9.0 T. Compared with symmetric DQWs in the inset
(reproduced from Fig. 4), a huge asymmetry in [Fjj,(ky)]2
between the positive and negative k, regions is introduced in
Fig. 13. [F‘U(k),)]2 is no longer zero at k,=0. Therefore, the
transition from E\(k,) to E3(ky) is no longer forbidden at
k,=0. For [F,z(ky)]z, there exists a minima around &,
=-1.0 in Fig. 13. This corresponds to about Ey (ky)
=30 meV in the inset of Fig. 11, and is the reason for the
occurrence of the dip (dashed curve) around Zw=30 meV in
the main part of Fig. 12. For [F,3(ky)]2, there exists another
minima around k,=0.2 in Fig. 13. It corresponds to about
E3,(k,)=55 meV in the inset of Fig. 11, and explains the dip
(dashed curve) seen around £w=65 meV in the main part of
Fig. 12 when we consider there is an additional zero cutoff
of [Fi3(k,)]* at k,=— 1.8 corresponding to about Esi(k,)
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FIG. 13. The square dipole moments [Fn(k_‘.)]2 (solid curve), [Fu(ky)]2
(dashed curve), and [F l,‘(ky)]z (dashed-dotted curve) as a function of ky at
B=9.0T for the asymmetric double quantum wells with Ly, =150 A and
Ly,=100 A. The inset displays the correspondent square dipole moments
[Fiak)T2 [Fi3(k,)]?, and [ F\4(k,)]* as a function of ky reproduced from
the main part of Fig. 4 for the symmetric double quantum wells with L,
=Ly,=150A. The other parameters in the calculation are the same as
those in Fig. 3.

=60 meV. A similar saturation of the square dipole mo-
ments at large |k,| in the inset is also found in the main part
of the figure.

V. CONCLUSIONS AND REMARKS

In conclusion, by using the density-functional theory the
electron eigenstates in the double quantum well under a par-
allel magnetic field are calculated accurately including the
Coulomb interaction between electrons, z dependence of
electron effective mass and dielectric constant, nonparabolic
effect, and a static electric field. The self-consistent-field
theory is applied to calculate the optical intersubband ab-
sorption spectrum including the many-body effects. The ef-
fects of magnetic field, temperature, electron density, well
and middle-barrier widths, quantum-well symmetry, and
electric field on the absorption spectrum have been studied
extensively and their physical origins have been elucidated.

From the numerical results presented in this article, we
have found that both the band-width and the absorption
strength of the windowlike infrared optical absorption from
the ground state to the first excited state can be engineered to
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a very great extent by varying the parallel magnetic field,
temperature, electron density, well width, middle-barrier
width, double-quantum-well symmetry, and electric field.
This provides us with an unconventional approach for de-
signing a tunable wide-band quantum well infrared photode-
tector.
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